Background and Purpose-We sought (1) to identify early metabolic markers for the development of (ir)reversible neurological deficits and cerebral infarction in subarachnoid hemorrhage (SAH) patients by using the microdialysis technique and (2) to evaluate the influence of intracerebral hemorrhage (ICH) on microdialysis parameters. Methods-We performed a prospective study of 44 SAH patients with acute focal neurological deficits (AFND) occurring acutely with SAH (due to ICH) or directly after surgery (due to clip stenosis, thromboembolism, or early edema). Fifty-one nonischemic SAH patients served as a control group. A microdialysis catheter was inserted into the vascular territory of the aneurysm after clipping. The microdialysates were analyzed hourly for extracellular glucose, lactate, lactate/pyruvate ratio, glutamate, and glycerol with a bedside analyzer. Microdialysis-related CT findings were evaluated for the presence of ICH and cerebral infarction. Reversibility of neurological symptoms after 4 weeks and 6-and 12-month outcomes were assessed. Results-In patients with AFND, cerebral metabolism was severely disturbed when microdialysis started compared with controls (PϽ0.005). Infarction on CT was associated with pathological microdialysis parameters (PϽ0.002) and development of a fixed deficit (PϽ0.003), while the presence of ICH alone was not. A secondary neurological deterioration of AFND patients (nϭ11) was reflected by preceding (0 to 20 hours) changes of microdialysate concentrations. 
P atients with aneurysmal subarachnoid hemorrhage (SAH) and acute focal neurological deficits (AFND) are at high risk of developing permanent neurological deficits. Their related Fisher score 1 and outcome in most cases are worse compared with those of the general SAH population. The acute focal deficits occur with the onset of SAH in addition to the direct effect of the hemorrhage or develop as a new deficit directly after surgery. Major causes of AFND are primary brain damage due to space-occupying hematomas or immediate postsurgical complications such as vessel clip occlusion, thromboembolic events, or early brain swelling.
A visible infarction on CT is an adverse prognostic indicator that increases the risk of mortality and morbidity at 6 months. 2 For characterization of cerebral metabolism and the development of ischemia in SAH patients, neurochemical monitoring by cerebral bedside microdialysis has been proposed as a useful tool. 3 An experimental study of focal ischemia in primates showed that the extracellular changes of energy-related metabolites and glutamate differed depending on the ischemic state of the brain during middle cerebral artery occlusion. 4 A microdialysis study in patients with large middle cerebral artery infarction revealed significantly higher values for glutamate, glycerol, and the lactate/pyruvate (L/P) ratio in the peri-infarct region and in the core of the infarct region than in the noninfarcted hemisphere. 5 Whether the extracellular concentrations of microdialysis parameters indicate reversible damage of brain tissue or development of cerebral infarction is still unclear. Therefore, a detailed characterization of the primary brain damage, the secondary development of cerebral infarction, and possible markers of neuronal viability may help to improve therapy, especially in critically ill SAH patients.
In this study we sought to determine the extracellular concentrations of metabolites in the affected brain tissue, as monitored by in vivo microdialysis, in relation to CT findings (presence of intracerebral hemorrhage [ICH]/infarction) of the monitored brain region in SAH patients presenting with AFND. Second, we wanted to clarify whether dialysate changes are the consequence of the initial brain damage or if they are predictors of subsequent neurological worsening in patients with AFND.
Subjects and Methods
This study was performed in accordance with the local medical ethics policies for the study of human subjects, and written informed consent was obtained from the patient or nearest family relative.
Patient Characteristics and Management
During the study period (June 1997 to May 2002), 44 patients with aneurysmal SAH and symptoms of AFND were enrolled in a prospective study on cerebral metabolism monitored by bedside microdialysis.
The inclusion criteria were as follows: (1) SAH was confirmed by cranial CT; (2) cerebral angiogram demonstrated intracranial aneurysm(s); (3) patients had undergone surgical therapy; and (4) AFND was present. Patients were not included in the study if (1) they initially were asymptomatic and developed delayed ischemic neurological deficits (DIND) (symptomatic vasospasm); (2) they presented clinical and/or microbiological signs of meningitis during microdialysis monitoring; or (3) the microdialysis probe was not located within the vascular territory of the affected brain tissue.
The diagnosis of AFND was determined on a clinical basis, with the use of the following criteria: (1) symptoms of neurological deficits with onset of SAH related to the initial hemorrhage or directly after surgery (vessel clip occlusion, thromboembolic events, or early edema); (2) symptoms developing immediately after the insult or after surgery within a few hours; (3) CT findings to rule out a preexisting neurological disorder or hydrocephalus as cause of the acute neurological deterioration; and (4) no other identifiable cause of neurological deterioration such as electrolyte disturbance, hypoxia, seizure, or cardiopulmonary dysfunction. SAH patients with only minor or completely reversible neurological symptoms (eg, a seizure due to SAH) and no secondary complications (especially no occurrence of DIND, no meningitis, no cerebral infarction) served as a control group (nϭ51).
Initially asymptomatic patients who developed symptomatic vasospasm (DIND) were a priori not included in this study to avoid a combination of 2 distinct complications of SAH: the acute focal deficits and the delayed ischemic deficits due to vasospasm and treatable with hypervolemic hypertensive hemodilutive therapy. However, AFND patients who possibly developed symptomatic vasospasm as a secondary complication were not excluded from this study.
Clinical presentation was graded according to the World Federation of Neurological Surgeons (WFNS) scale 6 and the modified Glasgow Coma Scale. 7 Patient follow-up was performed prospectively. The neurological deficits were classified into 2 groups on the basis of the degree of recovery: (1) reversible neurological deficits (symptoms improved within the first 4 weeks after SAH) and (2) irreversible deficits (no improvement within 4 weeks after SAH). Additionally, patients were followed up at 6 and 12 months with the Glasgow Outcome Scale (GOS). 8 
Determination of CT Pathology
Admission and follow-up CT scans (CT Somatom Plus 4, Siemens) were independently evaluated by a study radiologist for amount and location of blood, 1 presence of hydrocephalus, focal or global cerebral edema, and presence of cerebral infarction. At least 3 consecutive CT scans were performed in each patient with acute ischemic deficits: (1) CT 1 on admission; (2) CT 2 postoperatively on day 1 to 3 after surgery; and (3) CT 3 on day 4 to 8 after surgery. If possible, a fourth CT (late CT) was performed on day 10 to 3 months after surgery. Since AFND occurred within the time window between day of SAH and 24 hours after surgery, infarction development should be depicted.
A localized hypodense area surrounding a thick clot was categorized as focal edema. Cerebral infarction was diagnosed when the following were present: (1) focal hypodensity not surrounding an ICH on the admission CT and/or early postoperative CT that did not resolve on the later CT scans and (2) focal hypodensity surrounding an ICH on the admission CT and/or early postoperative CT that did not resolve on the late CT (10 days to 3 months after surgery).
CT pathology was classified into 4 categories: (1) signs of cerebral infarction without ICH present; (2) ICH without infarction present; (3) signs of cerebral infarction and ICH present; (4) neither ICH nor hypodensity present.
Bedside Microdialysis
A microdialysis catheter (CMA 70; length, 10 mm; molecular weight limit, 20 000 Da) was inserted immediately after clipping of the aneurysm into brain parenchyma of the respective vascular territory of the aneurysm, eg, the right frontal lobe in patients with an anterior communicating artery aneurysm. Care was taken to avoid insertion of the catheter directly into macroscopically lesioned brain tissue or directly into an ICH. Catheters were perfused with sterile Ringer's solution at a flow rate of 0.3 L/min. On the outlet tube, perfusates were collected in microvials, exchanged hourly, and immediately 
Definition of Microdialysis Courses
To evaluate the possible importance of relative changes, the course of the microdialysis parameters after insertion was classified into 4 categories: course 0, decrease of microdialysate concentrations of glutamate, lactate, and L/P ratio to normal values after insertion; course 1, decrease of extracellular glutamate, lactate, and L/P ratio to abnormal values after insertion; course 2, further secondary increase of 2 of the parameters glutamate, lactate, and L/P ratio to Ͼ2 times individual baseline values; and course 3, extremely pathological values from the beginning (glutamate Ͼ100 mmol/L, lactate Ͼ10 mmol/L, L/P ratio Ͼ50).
Data Analysis
Between-group comparisons were performed with 24-hour median values for each microdialysis variable recorded for each patient. Nonparametric tests were used to test the relation of CT pathology, the courses of microdialysis parameters, and the neurological deficit (classified as [ir-]reversible deficit). Differences were considered statistically significant at PϽ0.05 (SPSS 11.0, SPSS Inc).
Results
Demographic data of the patients and CT pathology are given in Table 1 . Patient groups were comparable for age and sex. Three patients (1 asymptomatic, 2 AFND patients) with concomitant ventricular drainage who developed meningitis during or after microdialysis monitoring were excluded from the analysis to avoid a putative masking effect of infection on microdialysis parameters. In none of these 3 patients was there a relevant increase of the dialysate concentrations (when day 2 and the last day of microdialysis monitoring were compared). Figure 1 shows CT and angiographic findings and microdialysis parameters in a patient with AFND.
Acute Focal Neurological Deficits
In 33 patients the AFND occurred with onset of SAH as a consequence of the initial brain damage. Twenty-nine patients had a space-occupying ICH, and in 4 patients malignant brain swelling was diagnosed on the day of SAH, proven by CT and high intracranial pressure (Ͼ25 mm Hg). In 11 patients (25% of the AFND group), the acute focal deficit developed after surgery and was caused by clip A 31-year-old patient was admitted to the hospital with acute left-side hemiparesis (AFND). The initial CT scan (A) showed SAH of WFNS grade III with extension into the right temporal lobe. Angiography revealed 2 middle cerebral artery aneurysms on the right (m). These were clipped 12 hours after bleeding; the intracerebral hematoma was evacuated, and a microdialysis catheter was inserted into the right temporal lobe. The postoperative control CT scan showed a hypodense area in the right temporal lobe (B). On day 5 after surgery, the patient became agitated and progressed to hemiplegia from the initial hemiparesis. On repeated angiography (day 6 after surgery), severe vasospasm in the right internal carotid artery, middle cerebral artery, and anterior communicating artery was seen. Initially, the microdialysis parameters were pathological, as typically seen in ICH (C). In parallel with the clinical deterioration (96 hours after surgery), the microdialysate concentrations of glutamate and lactate and the L/P ratio increased further to Ͼ2 times baseline values. stenosis (nϭ6), thromboembolic complication (nϭ3), or early edema with intracranial hypertension (nϭ2). These patients experienced AFND symptoms on the day of surgery, within 6 hours after clipping. Symptoms were hemiparesis not present before surgery (nϭ9) and development of intracranial hypertension (intracranial pressure Ͼ20 mm Hg).
In all patients except 1, angiography was performed for diagnosis of the acute focal deficit. In all of these patients, angiographic vasospasm as a possible cause for the focal deficit after surgery was excluded.
Cerebral Metabolism in AFND Patients and Controls
The AFND occurred with SAH or directly after surgery. Mean time from SAH to start of microdialysis monitoring was 33.7Ϯ49.3 hours in AFND patients and 48.9Ϯ43.2 hours in controls (Pϭ0.125 [NS] ). Earliest microdialysis data were available after surgery, within 2 days after the stroke. The median values of microdialysate concentrations on days 1, 3, and 7 after surgery in AFND patients and the control group are given in Table 2 . The microdialysate concentrations (lactate, glutamate, L/P ratio, and glycerol) of AFND patients were significantly higher than those of controls (PϽ0.005). The excitotoxic amino acid glutamate correlated highly with the L/P ratio, a marker of anaerobic metabolism (24-hour median values; nϭ126; Pearson's rϭ0.899, PϽ0.01).
Course of Microdialysis Parameters
The course of microdialysis parameters was significantly different between the 2 groups (PϽ0.0005). In the majority (88.5%) of the controls, microdialysis concentrations decreased after insertion and remained within a normal range throughout the monitoring time (course 0). Pathological microdialysate concentrations were measured in only 4 patients of the control group. These patients exhibited symptoms such as headache and slight lethargy without evidence of cerebral vasospasm; they recovered quickly without hyperdynamic therapy.
In AFND patients (nϭ44), 4 different courses of relative microdialysate changes were observed (Figure 2) . In course 0, 5 AFND patients (11%) had normal values after insertion, which was comparable to controls. In these cases, microdialysis did not detect ischemia, although the probe was close to the hypodense region on CT scan. In course 1, in 11 AFND patients (25%), a decrease of microdialysis parameters was observed after insertion, with values starting from a higher level than those of controls. In course 2, a secondary deterioration of microdialysis parameters occurred in 17 
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AFND patients (39%). In course 3, 11 AFND patients (25%) had extremely pathological concentrations initially, which remained relatively unchanged during the monitoring time.
Secondary Neurological Deterioration of AFND Patients
To clarify whether microdialysis changes are the consequence of primary brain damage or if they are predictors of subsequent neurological worsening, the clinical courses of AFND patients in relation to the microdialysis courses were analyzed. In AFND patients who improved clinically during microdialysis monitoring, microdialysis values were normal (course 0; nϭ4) or decreased over time (course 1; nϭ11), and in only 4 cases were microdialysate concentrations extremely high (course 3). AFND patients who neither improved nor deteriorated during microdialysis monitoring (no change in grade of paresis, stable intracranial hypertension) had some extremely high microdialysis values (nϭ5; course 3) or a secondary deterioration of microdialysis values (nϭ9).
In patients who clinically deteriorated further (nϭ11), the clinical deterioration was reflected in changes of microdialysates, as shown in Table 3 .
Cerebral Metabolic Changes in Infarction
Cerebral infarction developed in 26 AFND patients. Of these, 15 patients had no evidence of ICH or hypodensity on admission CT. In patients with ICH, infarction was diagnosed on the latest CT, which was performed on day 24 (range, 14 to 79 days) after surgery.
The presence of infarction on CT (with or without additional ICH) was significantly associated with pathological microdialysate concentrations of glutamate and lactate and/or the L/P ratio (PϽ0.002) and with a fixed neurological deficit (PϽ0.003), while the presence of an ICH alone (without infarction) was not.
Correlation With Outcome
According to the GOS, the 6-month outcome (GOS 6 ) and 12-month outcome (GOS 12 ) were comparable. GOS 6 data were available in 91 patients (AFND group, nϭ42; control group, nϭ49) and GOS 12 data in 77 patients (AFND group, nϭ35; control group, nϭ42). The meanϮSD GOS score of the AFND patients was significantly lower than that of the control group, as follows: GOS 6 : AFND group, 3.3Ϯ1.3; control group, 4.4Ϯ1.0 (Pϭ0.001); GOS 12 : AFND group, 3.0Ϯ1.4; control group, 4.5Ϯ0.9 (Pϭ0.001). The majority (60%) of the AFND patients (nϭ21) had an unfavorable outcome (GOS 12 score 1 to 3), and 40% (nϭ14) had a favorable outcome (GOS 12 score 4 to 5). This relatively poor outcome reflects the severity of the strokes included. In the control group, 91% (nϭ38) of the patients had a favorable outcome (GOS 12 score 4 to 5), and 9% (nϭ4) of the patients had an unfavorable outcome (GOS 12 score 1 to 3). The causes for an unfavorable outcome in the control group were not related to surgery.
Discussion
The microdialysate concentrations (lactate, glutamate, L/P ratio, and glycerol) of SAH patients with AFND were In almost all AFND patients, microdialysis (MD) concentrations were initially pathological, reflecting the initial brain damage. In average 4 days after the acute focal neurological deficit (AFND), patients secondarily deteriorated, which was reflected in preceding and parallel changes of microdialysate concentrations.
TCD ϩ indicates mean flow Ͼ120 cm/s in transcranial Doppler ultrasound; VSP, vasospasm; ICH, intracerebral hemorrhage; MCA, middle cerebral artery; NA, not available.
*Day 1 indicates day of SAH; †day of onset of secondary neurological deterioration after AFND; ‡time of MD changes preceding onset of secondary neurological deterioration; §MD concentrations in these patients were initially extremely high and showed no further deterioration.
significantly higher than those of controls (PϽ0.005). The presence of infarction on CT was associated with pathological microdialysis values, while the presence of ICH alone was not. In AFND patients, glutamate, lactate, and the L/P ratio were equivalent markers of acute ischemia. Microdialysate concentrations of glutamate, lactate, and/or the L/P ratio that deteriorated further were predictors of subsequent neurological worsening, eg, as a result of brain swelling or cerebral vasospasm, and were highly indicative of the development of cerebral infarction (PϽ0.002) and permanent neurological deficits (PϽ0.003).
In patient studies and experimental positron emission tomography (PET) studies, the L/P ratio is discussed as the most robust marker of acute ischemia, with a high sensitivity and specificity, 4,11 while in transient ischemia without development of infarction or permanent deficits, elevated lactate levels without a concomitant high L/P ratio are described. These recent clinical studies suggest that lactate and glutamate may be the most sensitive and early markers for impending ischemia in SAH, followed by the L/P ratio and glycerol during manifest ischemia and cell degeneration. 12, 13 Results obtained from a middle cerebral artery occlusion study interpret the reversible increases of the L/P ratio as a transient penumbra situation. 4 In this study lactate and L/P ratio changes occurred, in most cases, in parallel with glutamate changes, which, in our view, reflect the severity of the symptoms observed in AFND patients. 14 In clinical practice, a sudden elevation of lactate and/or L/P ratio and glutamate might serve as a warning signal. In contrast to stroke patients with defined ischemic lesions, the causes responsible for the acute ischemic deficit are heterogeneous. Since this subgroup of SAH patients has the worst neurological outcome, an improved analysis of cerebral metabolic changes may lead to therapeutic options and a better outcome in these patients. 15 The location of the microdialysis probe is crucial, and care should be taken to avoid insertion directly into a clot. In this study the majority of patients with ICH had initial pathological concentrations of lactate and glutamate levels in the tissue surrounding the ICH compared with asymptomatic patients. They progressed to cerebral infarction only if extracellular glutamate and lactate and/or L/P ratio secondarily deteriorated or were initially extremely elevated. These highly pathological concentrations of microdialysis parameters were comparable to concentration levels obtained from stroke patients within the infarct core. 5 The correlation of metabolic microdialysis parameters and radiological findings on CT observed in this study has certain pitfalls. Early signs of presumed infarction can be detected on CT within the first 6 hours only in up to 50% of patients. 16 Therefore, in some AFND patients it is possible that the initial CT scan did not detect ischemic regions; this may explain the extremely high concentrations of microdialysis parameters seen in 11 of our patients directly after insertion. The sensitivity in detecting an ischemic region is described as identical in PET and CT only within 2 to 6 days of the ictus. 17 Later, in the second and third weeks after stroke, an initially hypodense region on CT may become isodense ("fogging effect"), 18 and thus infarcts may be missed as well. Second, in a PET-CT correlation, patients with early CT signs had a significantly larger area of critical hypoperfusion on PET than suggested on CT. This emphasizes that the presumably infarcted tissue visible on CT is the "tip of the iceberg" in terms of tissue at risk of irreversible damage. 19 Even if the correlation of microdialysis parameters in respect to the visible lesion on CT for detection of ischemia is very promising, advanced methods using fluorodeoxyglucose PET and cerebral blood flow measurements in combination with microdialysis are desirable. Third, lesions on CT scan might not be related to the symptoms presented by the patients, 20 while hypometabolism seen on PET was often related to the character of the neurological syndromes. 17 In this study a high correlation between the reversibility of symptoms 4 weeks after the ictus and the course of microdialysate concentrations was observed. In some symptomatic patients, however, the microdialysis probe did not indicate a disturbed metabolism, although CT control confirmed that the microdialysis probe was close to infarcted brain tissue and ICH. Therefore, future studies may focus on optimizing the location of the microdialysis probe in respect to the cerebral lesion.
A series of studies have proposed that glutamate is an excellent marker of ischemia in SAH patients. 12, 13, 21 In regard to the long-term effect, however, there was only a weak association between abnormal glutamate level and unfavorable outcome in a small SAH patient group (nϭ40). 22 In this study a high correlation between glutamate and L/P ratio as a marker of energy metabolism was found, which confirms that glutamate is not an energy-dependent marker of ischemia in SAH.
Increased extracellular glycerol concentrations are observed in SAH patients with clinical vasospasm and ischemic events. 23 These probably originate from phospholipid breakdown of disintegrating cell membranes, eg, they are caused by ischemia leading to energy failure. After occlusion of the middle cerebral artery, a marked elevation of glycerol levels was observed, indicating severe irreversible ischemia, while in penumbral regions glycerol returned to baseline levels. 4 This is also confirmed by our own data, which showed high glycerol levels that did not normalize in patients who developed cerebral infarction, while an initial and reversible increase of glycerol might reflect local tissue damage after ICH.
Conclusion
In summary, our data demonstrate that bedside cerebral microdialysis is a safe technique to indicate cerebral ischemia in SAH patients with acute ischemic deficits when the probe is inserted into the affected region. In the presence of ICH, pathological microdialysis values may indicate only local damage, but in case of a further deterioration, they are highly indicative of the development of cerebral infarction and permanent neurological deficits. Therefore, study of relative microdialysis changes is mandatory. A better understanding of cerebral metabolism in SAH may lead to therapeutic options to minimize infarct development and may help to improve prognosis in the future.
